Introduction
============

Gastric cancer remains the fourth most common malignancy and one of the leading causes of cancer-related deaths, even though gastric cancer mortality has decreased markedly over the last 50 years worldwide ([@B01],[@B02]). Surgical resection of the primary tumor and regional lymph nodes is the first choice of treatment for gastric cancer and additive chemotherapy combined with surgery is frequently needed for patients with high-risk gastric cancer. However, these traditional chemotherapeutic approaches have serious side effects and are not applicable to all patients.

Recent studies have focused on the antitumor properties of natural products because of their confirmed pharmacological properties and few side effects. Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid), a primary anthraquinone present in the roots of rhubarb (*Rheum palmatum* L. or *R. tanguticum* Maxim.), is a traditional Chinese herb medicine that has been used as a laxative and stomach drug for years ([@B03],[@B04]). Recently, *in vivo* studies have shown that rhein inhibits the growth of tumor cells in rat liver ([@B05]), human glioma ([@B06]) and Ehrlich ascites tumor ([@B07]). Other *in vivo* and *in vitro* studies have also shown that rhein inhibits the growth of many cancer cells, such as SCC-4 human tongue cancer cells ([@B08]-[@B10]), Caco-2 human adenocarcinoma cells ([@B11]), breast cancer cells ([@B12]), nasopharyngeal carcinoma cells ([@B13]), A-549 human lung cells ([@B14]), human hepatocellular carcinoma BEL-7402 cells ([@B15]), and human cervical cancer Ca Ski cells ([@B16]). However, little is known about the effect of rhein on the growth of human gastric cancer cells.

Apoptosis is the most important pathway through which many compounds exert their antitumor effects. It has been shown that rhein can induce apoptosis by increasing nuclear condensation and DNA fragmentation ([@B08]), activating caspase-8, -9, and -3 ([@B08]), increasing the levels of Fas, p53, p21, and Bax, but decreasing the levels of Bcl-2 ([@B16]). Whether rhein induces apoptosis in gastric cancer cells through the same signal pathway remains a question to be addressed. The aim of the present study was to investigate the potential anticancer effects of rhein on human gastric cancer cells and the underlying molecular mechanisms.

Material and Methods
====================

Chemicals and reagents
----------------------

Rhein and MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-nyltetrazolium bromide\] were obtained from Sigma Chemical Co. (USA). The TUNEL staining kit was purchased from the Beyotime Institute of Biotechnology (China). Annexin V/propidium iodide (PI) was purchased from Biosea (China). The primers of caspase-9 and -3 for real-time PCR were designed according to the CDS of *Homo sapiens* caspase-9 and -3 from Pubmed and were synthesized by GenScript (China). Moloney murine leukemia virus (M-MLV) reverse transcriptase and relevant reagents for RT-PCR were purchased from Promega Corporation (USA). Antibodies against Bcl-2, Bax, Bcl-xL, cytochrome c, apoptotic protease activating factor 1 (Apaf-1), caspase-3 and β-actin were purchased from Cell Signaling Technology (USA). The Trizol reagent kit and fluorescence-conjugated secondary antibodies were purchased from Invitrogen (USA). Other chemicals were obtained in their commercially available highest purity grade.

Cell culture
------------

Human gastric cancer line SGC-7901 cells were obtained from the cell line bank of the Chinese Academy of Sciences. Cells were cultured in complete RPMI-1640 medium (Hyclone, USA) supplemented with 10% heat-inactivated bovine serum (Gibco, USA), 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C in a humidified atmosphere with 5% CO~2~.

MTT assay for cell proliferation
--------------------------------

The SGC-7901 cells were seeded onto a 96-well culture plate at 5000 cells/well for 16 h for attachment and then treated with 0, 50, 100, 150, or 200 µM rhein for 24, 48, or 72 h, respectively. MTT dye was added to each well and incubated at 37°C for 4 h. The supernatant was then discarded and purple-colored formazan precipitates were dissolved in 150 µL dimethyl sulfoxide. After complete dissolution, absorbance was measured at 490 nm on a multi-well plate reader. The effect of rhein on growth inhibition was assessed as percent inhibition of cell growth. The background absorbance of the medium in the absence of cells was subtracted. Percent viability was calculated as \[value of drug-treated group (A) / control group (A)\] × 100%. Each assay was carried out three times, and the results are reported as means ± SEM.

Detection of apoptotic cells by TUNEL staining
----------------------------------------------

The apoptotic SGC-7901 cells were detected by the TUNEL assay, which was performed using an *in situ* Nick-End Labeling kit. Cells were treated with rhein (0-300 µM) for 48 h on 96-well plates. The attached cells were then washed with PBS and fixed in freshly prepared 4% paraformaldehyde for 30 min. The cells were then washed twice with PBS and incubated with digoxigenin-conjugated deoxyuridine triphosphate in a terminal deoxynucleotidyl transferase-catalyzed reaction for 1 h at 37°C in a humidified atmosphere. The cells were then immersed in stop/wash buffer for 10 min at room temperature, washed with PBS, and incubated with a peroxidase-conjugated anti-digoxigenin antibody for 30 min. The nucleic fragments were stained with 3,3′-diaminobenzidine as a peroxidase substrate for 5 min. Apoptotic cells stained brown.

Quantification of apoptosis by flow cytometry
---------------------------------------------

The apoptosis of SGC-7901 cells was quantified by flow cytometry. After incubation with various concentrations of rhein for 48 h, the cells were harvested by Trypsin treatment and centrifugation, washed with PBS, stained with annexin V-FITC and PI according to manufacturer protocol, and then analyzed with a Becton FACSC flow cytometer (Becton Dickinson Corporation, USA). For each condition, 1 × 10^4^ cells were studied in each cytometry experiment.

RNA isolation and quantitative real-time RT-PCR analysis
--------------------------------------------------------

Total cell RNA was extracted with a Trizol reagent kit. The quality of each RNA sample (including its concentration and purity) was checked by measuring the absorbance. One microgram RNA from each sample was used to generate cDNA using M-MLV reverse transcriptase according to manufacturer specifications. After an initial denaturation step at 95°C for 10 min using SYBR Green PCR Master Mix (Applied Biosystems, USA), real-time PCR was cycled 40 times between 95°C/15 s and 60°C/1 min. Amplification was performed using the 7500 fast real-time PCR system (Applied Biosystems) and the products were routinely checked using dissociation curve software. Transcript quantities were compared by the relative Ct method and the amount of caspase-3 and -9 was normalized to the endogenous control (GAPDH). The value in relation to the control sample was given by 2-^ΔΔCT^. Real-time PCR primer sequences for caspase measurements were as following: caspase-3 (sense: 5′-TGGTTCATCCAGTCGCTTTG-3′ and antisense: 5′-CATTCTGTTGCCACCTTTCG-3′); caspase-9 (sense: 5′-CGAACTAACAGGCAAGCAGC-3′ and antisense: 5′-ACCTCACCAAATCCTCCAGAAC-3′).

Western blot analysis
---------------------

Following rhein treatment, SGC-7901 cells were washed twice with ice-cold PBS and collected in lysis buffer including 50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM Na~3~VO~4~, 1 mM NaF, 1 mM EDTA, 1 mM PMSF and 1 µg/mL leupeptin. The supernatant was obtained by centrifugation at 12,000 *g* for 20 min. Total protein concentration was determined by the Bradford assay. For immunoblotting, 100 µg protein from each sample was subjected to electrophoresis on 12% SDS-PAGE and the separated proteins were transferred onto a nitrocellulose membrane. The nitrocellulose membrane was blocked with 5% non-fat milk powder (w/v) at room temperature for 2 h, then incubated with the primary antibodies against Bcl-2 (1:200), Bax (1:200), Bcl-xL (1:200), cytochrome c (1:200), Apaf-1 (1:200), caspase-3 (1:200), and β-actin (1:500), respectively, at 4°C overnight. After washing, the membrane was incubated with fluorescence-conjugated secondary antibody (anti-rabbit or anti-mouse 1:10,000; Invitrogen) at room temperature for 50 min. β-actin was used as an internal control to monitor equal protein loading and transfer of proteins from the gel to the membranes after stripping them with the β-actin antibody. Western blot bands were quantified using the Odyssey infrared imaging system (LI-COR, USA). The results represent three independent experiments.

Statistical analysis
--------------------

Data are reported as the means ± SEM of at least three independent experiments. For statistical analysis, one-way ANOVA was used for comparison of one variance among groups and two-way ANOVA was used for comparison of two independent variances among groups followed by the Tukey *post hoc* test. A P value less than 0.05 was considered to be significant.

Results
=======

Rhein-induced morphological changes and anti-proliferation of SGC-7901 cells
----------------------------------------------------------------------------

The morphology of the SGC-7901 cells was examined using a phase contrast microscope. The control group cells displayed normal morphology with a typical polygonal and cobblestone monolayer appearance, plump cell body, clear cell boundary, and transparent cytoplasm (data not shown). In the presence of Rhein, SGC-7901 cells showed round morphology with small wrinkles and broken debris, suggesting rhein-induced toxicity to SGC-7901 cells. SGC-7901 cells were incubated with rhein at 0, 50, 100, 150, and 200 µM and cell viability was evaluated by the MTT assay at 24, 48, and 72 h. Treatment with 50 µM rhein had no effect on SGC-7901 proliferation at any tested time, while treatment with 100, 150, and 200 µM rhein significantly reduced cell viability compared to the control group ([Figure 1](#f01){ref-type="fig"}), indicating a dose-dependent effect of rhein on cell viability. Incubation with rhein for 72 h showed the maximum inhibition for each dose. Among all the tests, cells incubated with 200 µM rhein for 72 h showed the highest anti-proliferation effect, with cell viability decreasing to 15% of the control cells. This result suggests that rhein inhibits the proliferation of SGC-7901 cells in a dose- and time-dependent manner.

Figure 1.Rhein-induced anti-proliferation of SGC-7901 cells. SGC-7901 cells were treated with rhein at doses of 0, 50, 100, 150, or 200 µM for 24, 48, and 72 h. Cell viability was evaluated with the MTT assay and results are reported as relative cell viability (%). All data were normalized to the control group, which was considered to be 100%. The results showed that rhein inhibited proliferation of SGC-7901 cells in a dose- and time-dependent manner. ^\*^P \< 0.05 versus control group (0 µM) (two-way ANOVA followed by the Tukey *post hoc* test).

Rhein-induced apoptosis of SGC-7901 cells
-----------------------------------------

The TUNEL apoptosis detection kit was used 48 h after cells were treated with 0, 100, 200, or 300 µM rhein. Representative images of TUNEL staining are shown in [Figure 2](#f02){ref-type="fig"}. The number of apoptotic SGC-7901 cells (shown in dark brown, white arrows) increased with the dose of rhein. Apoptotic SGC-7901 cells displayed a round and shrunken cell body, suggesting that rhein-induced apoptosis of SGC-7901 cells might contribute to reduced cell viability.

Figure 2.Cell apoptosis observed using TUNEL staining. SGC-7901 cells were treated with rhein (0, 100, 200, or 300 µM) for 48 h. Apoptotic cells exhibited morphological changes in the nuclei typical of apoptosis. Photographs were taken under an inverted microscope (scale bar, 50 µm). Arrows indicate apoptotic cells.

To further quantify rhein-induced apoptosis of SGC-7901 cells, cells were stained with annexin V-FITC and PI, followed by flow cytometry. A representative result of flow cytometry is presented in [Figure 3A](#f03){ref-type="fig"}. The lower right quadrant depicts the percentage of early apoptotic cells (annexin V-FITC-stained cells) and the upper right quadrant represents the percentage of late apoptotic cells (annexin V-FITC- and PI-stained cells). The fully apoptotic cells are those in the lower right and upper right quadrants. As shown in the quantitative result in [Figure 3B](#f03){ref-type="fig"}, only a small number of apoptotic cells was detected in the control group. However, 48 h after treatment with 100, 200, and 300 µM rhein, cell apoptosis was 7.3, 21.9, and 43.5%, respectively. This result suggests that rhein induced significant apoptosis of SGC-7901 cells in a dose-dependent manner.

Figure 3.Rhein-induced apoptosis in SGC-7901 cells was determined by flow cytometry using the annexin FITC-PI staining method. The cells were treated with rhein (0, 100, 200, or 300 µM) for 48 h. The lower right quadrant indicates the percentage of early apoptotic cells (FITC-stained cells) and the upper right quadrant indicates the percentage of late apoptotic cells (FITC-PI-stained cells) (*A*). The experiment was repeated three times and the percentage of apoptotic cells (means ± SEM) for each treatment group is shown in *B*. ^\*^P \< 0.05 versus control group (0 µM) (one-way ANOVA followed by the Tukey *post hoc* test).

Rhein increased mRNA expression of caspase-3 and -9
---------------------------------------------------

Real-time quantitative PCR was used to detect the mRNA expression of caspase-3 and -9 at 48 h after rhein treatment at concentrations of 0, 100, 200, or 300 µM. The change in mRNA expression was normalized by GAPDH expression. The result showed that the mRNA expression of caspase-3 and -9 increased significantly after treatment with rhein for 48 h and the up-regulation exhibited a rhein dose-dependent pattern ([Figure 4](#f04){ref-type="fig"}).

Figure 4.Rhein increased gene expression of caspase-9 and -3 in SGC-7901 cells in a dose-dependent manner. SGC-7901 cells were treated with rhein (0, 100, 200, or 300 µM) for 48 h. The expression of mRNAs was analyzed by real-time quantitative PCR and normalized by GAPDH expression. ^\*^P \< 0.05 versus control group (0 µM) (two-way ANOVA followed by the Tukey *post hoc* test).

Rhein increased Bax but decreased Bcl-2, Bcl-xL and pro-caspase-3 expression in SGC-7901 cells
----------------------------------------------------------------------------------------------

Western blot analysis was used to further detect protein expressions of Bcl-2, Bax, Bcl-xL, and pro-caspase-3 in SGC-7901 cells 48 h after rhein (0, 100, 200, and 300 µM) treatment. β-actin was used as an internal loading control. The Bax and Bcl-2 ratio is generally used as an indicator of the extent of cell apoptosis since an increased Bax:Bcl-2 ratio suggests an increased disruption of the nucleus. In the present study, rhein treatment increased Bax protein expression while it decreased Bcl-2 protein expression in treated SGC-7901 cells ([Figure 5A](#f05){ref-type="fig"}). The quantitative result for the Bax:Bcl-2 ratio showed a dose-dependent effect of rhein. Indeed, 48-h incubation with 300 µM rhein increased the Bax:Bcl-2 ratio 16.32-fold ([Figure 5A](#f05){ref-type="fig"}), suggesting that significant amount of apoptosis had occurred in SGC-7901 cells in the presence of a high concentration of rhein. In contrast, 48-h rhein incubation decreased the protein levels of Bcl-xL and pro-caspase-3 to 23.2 and 25.7% of the control level, respectively ([Figure 5B and C](#f05){ref-type="fig"}). The effect of rhein on regulating the expression of apoptosis-related proteins further supported the observation of rhein-induced apoptosis in SGC-7901 cells.

Figure 5.Rhein decreased the expression of Bcl-2, Bcl-xL and pro-caspase-3 but increased the expression of the pro-apoptotic protein Bax in SGC-7901 cells. SGC-7901 cells were treated with rhein (0, 100, 200, or 300 µM) for 48 h and the expression of proteins in treated cells was determined by Western blot analysis. *A*, Rhein-induced changes in Bcl-2 and Bax expression and Bax:Bcl-2 ratio. *B*, Rhein decreased Bcl-xL. *C*, Rhein decreased pro-caspase-3. Data are reported as the means ± SEM of at least three experiments. ^\*^P \< 0.05 versus control group (0 µM) (two-way ANOVA followed by the Tukey *post hoc* test).

Rhein induced apoptosis in SGC-7901 cells possibly via a mitochondrial pathway by increasing the expression of cytochrome c and Apaf-1.

During apoptosis, cytochrome c is released from the mitochondria into the cytoplasm, and then acts on Apaf-1 by increasing the binding of Apaf-1 to ATP/dATP. Upon binding to cytochrome c and dATP, Apaf-1 forms an oligomeric apoptosome. The apoptosome then binds and cleaves caspase-9 preprotein and this process further stimulates the subsequent caspase cascade that commits the cell to apoptosis. To investigate whether a mitochondrial pathway is involved in rhein-induced apoptosis of SGC-7901 cells, we used Western blot to detect the expression of cytochrome c and Apaf-1 proteins in SGC-7901 cells after a 48-h rhein treatment. Our result showed that rhein significantly increased the expression of cytochrome c and Apaf-1 in SGC-7901 cells in a dose-dependent manner ([Figure 6A and B](#f06){ref-type="fig"}). SGC-7901 cells incubated with 300 µM rhein for 48 h showed a 3.73- and 4.12-fold increase in cytochrome c and Apaf-1, respectively. This result indicated that rhein-induced up-regulation of cytochrome c and Apaf-1 might contribute to apoptosis of SGC-7901 cells, suggesting that a mitochondrial pathway is involved in the antitumor effect of rhein in SGC-7901 cell lines.

Figure 6.Treatment with rhein increased the expression of cytochrome c and Apaf-1 in SGC-7901 cells. SGC-7901 cells were treated with rhein (0, 100, 200, or 300 µM) for 48 h and protein levels of cytochrome c (*A*) and Apaf-1 (*B*) were determined by Western blot. Data are reported as the means ± SEM of at least three experiments. ^\*^P \< 0.05 versus control group (0 µM) (one-way ANOVA followed by the Tukey *post hoc* test).

Discussion
==========

In this study, we examined for the first time the effect of rhein on the human gastric cancer cell line SGC-7901. We observed a dose- and time-dependent anti-proliferation effect of rhein on these cells. Rhein induced apoptosis of SGC-7901 cells possibly by regulating the expression of apoptotic proteins including Bcl-2, Bax and Bcl-xL. The rhein-induced apoptosis might be mediated by the activation of a mitochondrial pathway increasing the expression of cytochrome c and Apaf-1.

The effect of rhein-induced apoptosis has been previously reported in other cell types ([@B11],[@B15]-[@B18]). Apoptosis is a physiological mechanism for killing cancer cells without causing damage to normal cells or surrounding tissues ([@B19]). Thus, induction of apoptosis in cancer cells is a key mechanism by which anticancer therapy works ([@B20]). In the present study, we also observed an anti-proliferation effect of rhein on SGC-7901 cells by the induction of apoptosis and this effect exhibited a dose- and time-dependent pattern.

Rhein-induced apoptosis is mediated by a mitochondrial pathway
--------------------------------------------------------------

There are two major pathways that could induce apoptosis: an extrinsic pathway and an intrinsic pathway. In the intrinsic pathway, many factors such as environmental changes, stimuli and drugs could induce mitochondrial dysfunction. Cytochrome c is released from dysfunctional mitochondria and accumulates in the cytoplasm where it binds to the protein Apaf-1. Binding of pro-caspase-9 to Apaf-1 oligomers results in the formation of an apoptosome, eventually leading to the activation of caspase-3, DNA damage and cell apoptosis ([@B21],[@B22]). Many molecules are involved in this process of apoptosis, and among these proteins the Bcl-2 family plays important roles in apoptosis and is considered to be a target for anticancer therapy ([@B23],[@B24]). Bcl-2 and Bcl-xL suppress apoptosis, while Bax is a pro-apoptotic protein in the Bcl-2 family ([@B25],[@B26]). An increased Bax/Bcl-2 ratio is associated with apoptosis. In the present study, we observed a rhein-induced increase in the Bax/Bcl-2 ratio, which was accompanied by alterations in apoptosis-associated gene expression. This result further supports the apoptotic effect of rhein on gastric cancer cells. When the Bax/Bcl-2 protein ratio is increased, the caspases become fragmented ([@B27],[@B28]), transmembrane pores form across the outer mitochondrial membrane, Bax leads to loss of membrane potential ([@B29]), and cytochrome c is released from the mitochondria and accumulates in the cytoplasm where it binds to Apaf-1 ([@B30]). Meanwhile, pro-caspase-9 binds to Apaf-1 oligomers, resulting in the formation of apoptosome ([@B31]), which leads to the activation of caspase-3, and then to DNA damage and cell apoptosis ([@B21],[@B22],[@B32]-[@B34]). A previous study has shown that rhein inhibits proliferation of human airway smooth muscle cells ([@B35]) and induces apoptosis in human cervical cancer Ca Ski cells ([@B16]) via a mitochondria-dependent pathway. Therefore, it is of interest to determine whether a mitochondrial pathway also contributes to rhein-induced apoptosis in gastric cancer cells. Our data showed that rhein induced up-regulation of cytochrome c and Apaf-1 in SGC-701 cells, and these alterations are concurrent with changes in apoptosis-related genes including caspase-9, -3, Bax, Bcl-2, Bcl-xL, and pro-caspase-3, suggesting the involvement of an intrinsic mitochondrial pathway in rhein-induced apoptosis in gastric cancer cells.

The anticancer effect of rhein may be mediated by other signal pathways
-----------------------------------------------------------------------

Inducing apoptosis is an important but not the only pathway whereby rhein may exert its antitumor effect on cancer cells. Studies have shown that rhein induces G1/S and G0/G1 cell cycle arrest through inhibition of cyclin D3, Cdk4 and Cdk6, thus increasing the efficacy of cancer chemotherapy ([@B14]). Other studies have shown that rhein inhibits the expression of matrix metalloproteinase-2 (MMP-2) and MMP-9 by modulation of the nuclear factor kappa B activation pathway and decreases the expression of vascular endothelial growth factor, suggesting a role of rhein in inhibiting migration and invasion of cancer cells ([@B10],[@B13]). The antitumor effect of rhein on gastric cancer *in vivo* and the possible underlying molecular mechanism require further study, while rhein has the potential to be developed as a chemotherapeutic or adjuvant agent for human gastric cancer.

Potential clinical application of rhein
---------------------------------------

In this study, we used up to 200 µM rhein to induce cell apoptosis. This concentration is high but within the range used by other researchers ([@B15],[@B36]). The wide range of rhein concentrations might be due to the different tolerance of different cell lines used in these studies. Rhein has long been used by Chinese people as an oral medicine and has proven to be an effective medicine for liver and gastric system protection, but so far no research has been done to show the minimal effective plasma concentration in human subjects. Our results, together with data reported by others, will provide a clinical reference for the rhein dosage. However, further studies need to be done.
